The dual Rab11/Arf binding proteins, family of Rab11-interacting proteins FIP3 and FIP4 function in the delivery of recycling endosomes to the cleavage furrow and are, together with Rab11, essential for completion of abscission, the terminal step of cytokinesis. Here, we report that both FIP3 and FIP4 bind Arf6 in a nucleotide-dependent manner but exhibit differential affinities for Rab11 and Arf6. Both FIP3 and FIP4 can form ternary complexes with Rab11 and Arf6. Arf6 is localised to the furrow and midbody and we show that Arf6-GTP functions to localise FIP3 and FIP4 to midbodies during cytokinesis. Exo70p, a component of the Exocyst complex, also localises to the furrow of dividing cells and interacts with Arf6. We show that depletion of Exo70p leads to cytokinesis failure and an impairment of FIP3 and Rab11 localisation to the furrow and midbody. Moreover, Exo70p co-immunoprecipitates FIP3 and FIP4. Hence, we propose that FIP3 and FIP4 serve to couple Rab11-positive vesicle traffic from recycling endosomes to the cleavage furrow/midbody where they are tethered prior to fusion events via interactions with Arf6 and the Exocyst.
Introduction
A crucial facet of mammalian cell division is the separation of two daughter cells by a process known as cytokinesis. An early event in cytokinesis is the formation of an acto-myosin contractile ring, which functions like a purse string in the constriction of the forming furrow between the two cells (Glotzer, 2001) . Far less well characterised are the membrane trafficking steps, which deliver new membrane to the cell surface during the plasma membrane expansion known to accompany furrow formation (O'Halloran, 2000) . It is now clearly established that the plasma membrane at the cleavage furrow of mammalian cells has a distinct lipid and protein composition to the rest of the plasma membrane (Emoto et al, 1996; Emoto and Umeda, 2000; O'Halloran, 2000; Finger and White, 2002) . This may reflect a requirement both for increased surface area during furrowing and for the coordinated delivery of intracellular signalling or membrane remodelling activities to the correct spatial coordinates during cleavage. Understanding the molecular basis and regulation of these trafficking events is crucial to a full understanding of cell division.
We recently provided evidence showing that Rab11 is required for mammalian cell cytokinesis (Wilson et al, 2005) , supporting and extending previous observations in both Drosophila melanogaster and Caenorhabditis elegans (Skop et al, 2001; Pelissier et al, 2003; Riggs et al, 2003) . By cycling between GTP-and GDP-loaded conformations, Rab proteins function to recruit different effector proteins that regulate aspects of membrane function including trafficking and membrane fusion (Zerial and McBride, 2001) . Our identification of a role for Rab11 in cytokinesis suggests that at least some of the new membrane incorporated into the plasma membrane during furrow expansion is derived from recycling endosomes. Recently, we and others have identified a novel family of Rab11-interacting proteins (FIPs) (Shin et al, 1999; Prekeris et al, 2000 Prekeris et al, , 2001 Hales et al, 2001; Hickson et al, 2003) , which all share a highly conserved, 20-aminoacid motif at the C-terminus of the protein, known as the Rab11-binding domain (RBD) (Prekeris et al, 2001; Meyers and Prekeris, 2002) . are characterised by the presence of EF hands and by a degree of homology with the Drosophila protein Nuclear Fallout, a protein required for cellularisation of Drosophila embryos (Rothwell et al, 1998; Riggs et al, 2003) . Consistent with this, we observed that Rab11-FIP3/Arfophilin (hereafter FIP3) and Rab11-FIP4/Arfophilin-2 (hereafter FIP4) also play a role in cytokinesis (Wilson et al, 2005) . Rab11 recruits FIP3 to endosomes that accumulate in the furrow region during telophase, and mutants of FIP3 that cannot bind Rab11 no longer associate with recycling endosomes. Such mutants, and also knock down of FIP3 expression with RNAi, result in defective cytokinesis (Wilson et al, 2005) . We have shown that Rab11-/FIP3-positive vesicles derived from recycling endosomes traffic to the furrow via centrosome-anchored microtubules where they function to deliver membrane during furrow ingression and abscission as well as possibly to regulate actin remodelling (Wilson et al, 2005) . Consistent with this model, both FIP3 and FIP4 are reported to bind Arf proteins , monomeric GTPases that also regulate actin dynamics, and both FIP3 and FIP4 exhibit dynamic association with centrosomes (Wilson et al, 2005) .
These data, although implicating FIP3 and FIP4 in cytokinesis, leave several questions unanswered. Firstly, why do the class II FIPs interact with different GTPases? Secondly, what are the relative affinities for binding of these GTPases? Thirdly, although Rab11 recruits FIP3 to endosomes, it is not involved in FIP3 and FIP4 recruitment to the midbody, so how do these proteins become localised in this region? Finally, how can class II FIPs be integrated into a model of membrane vesicle docking and fusion in the furrow and/or midbody? Here, we set out to answer these questions. We determined the relative affinity of FIP3 and FIP4 for Rab11, Arf5 and Arf6, and assayed their ability to form ternary complexes with Rab and Arf proteins using recombinant bacterially expressed proteins. We show that FIP3 exhibits preferential binding of Rab114Arf6cArf5. By contrast, FIP4 binds Arf6cRab11CArf5. Interestingly, both FIP3 and FIP4 are capable of binding Rab11 and Arf6 simultaneously, suggesting that the binding sites for these small GTPases are distinct and nonoverlapping. Mutants of FIP3 and FIP4 that have lost the ability to bind Rab11 but are still capable of interaction with Arf6 support such an interpretation. Using fluorescence microscopy, we previously demonstrated FIP3 in vesicles around the cleavage furrow during late telophase/ early cytokinesis, and a recruitment of FIP3 to the midbody during cytokinesis (Wilson et al, 2005) . Here, we show that FIP4 also exhibits strong staining in the midbody and on the spindle microtubules. We further show that both FIP3 and FIP4 are localised to midbodies by interaction with Arf6: a GTP-restricted mutant of Arf6 (Arf6-Q67L) recruits FIP3 to midbodies, and the normal localisation of endogenous FIP3 and FIP4 to the midbody of dividing cells is blocked by the GDP-restricted Arf6 mutant, Arf6-T27N. Previous work has shown that Arf6 interacts with the mammalian Exocyst complex (Prigent et al, 2003) . Such data offer an intriguing model whereby Rab11-dependent recruitment of FIPs to recycling endosomes may endow these vesicles with the means to interact, via Arf6, with a tethering factor upon arrival at the furrow or midbody. As active Arf6 localises to the furrow and midbody (Schweitzer and D'Souza-Schorey, 2002) , we hypothesised that the FIP-Arf6-Exocyst interaction may serve to tether recycling endosomes in the furrow prior to fusion. Consistent with this, we find that Exo70p, a component of the Exocyst complex, co-immunoprecipitates FIP3 and FIP4 and that depletion of Exo70p using small interfering RNA results in a profound cytokinesis defect. Hence, we propose that FIP3 and FIP4 serve to couple Rab11-positive vesicle traffic from recycling endosomes to the cleavage furrow/midbody where they are tethered prior to fusion events via interactions with Arf6 and the Exocyst.
Results

Biochemical characterisation of FIP3 and FIP4 interactions with GTPases
We sought to determine the relative preference of Rab and ARF GTPases interactions with class II FIPs. To achieve this, we expressed the C-terminal domains of FIP3 (residues 300-759) and FIP4 (residues 227-557) as hexa-his fusion proteins in bacteria, and used these together with GST-Rab or GST-Arf proteins in a series of biochemical interaction studies (Figures 1 and 2 ). FIP3 was found to interact only with Rab11 ( Figure 1A) , exhibiting a roughly 100-fold greater affinity for Rab11 compared to the Rab family members tested (Rabs 3, 4, 5 ( Figure 1A ) 7, 9 and 22 (data not shown)). This is consistent with studies of other members of the FIP family of proteins . We have previously shown that FIP3 can bind Arf6, and was originally identified in a yeast two-hybrid screen using Arf5-Q71L as bait . Hence, we compared the ability of FIP3 to bind these different GTPases in vitro. Using a constant amount of GST-Arf or GST-Rab11, we performed a titration experiment to determine the relative affinities of FIP3 for these proteins. We found that FIP3 strongly interacted with Rab11, and also interacted with Arf6 ( Figure 1B) . The interaction of FIP3 with Arf5 was considerably less than that with Arf6. These data suggest a relative preference of interaction of FIP3 with Rab114Arf6cArf5. Consistent with this, we found that FIP3 co-immunoprecipitated only Arf6 from transfected HeLa cells ( Figure 1C ). We then examined the ability of FIP3 to assemble ternary complexes with Rab11 and Arf6. As shown in Figure 1D and E, FIP3 forms a ternary complex with both these GTPases. Thus, Figure 1D shows that increasing concentrations of Rab11 are unable to displace GST-Arf6 from previously assembled FIP3 complexes, and Figure 1E shows that FIP3 in complex with Rab11 can associate with GST-Arf6. Collectively, these data argue that FIP3 can form a ternary complex with Arf6 and Rab11, at least in vitro. Figure 2 reveals a similar analysis for FIP4. This protein exhibited subtle differences in order of preference for the different GTPases, with Arf6 exhibiting the strongest binding, and Rab11 and Arf5 binding with similar affinities (Figure 2A) . In data not shown here, we observed no interaction of FIP4 with Rab3, 4, 7, 9 or 22. FIP4 is also capable of forming a ternary complex with Rab11 and Arf6 in vitro ( Figure 2B ). Although we have previously shown a GTP-dependent interaction with Arf5 for both FIP3 and FIP4, the nucleotide dependence of Arf6 binding had not been addressed. To that end, Figure 2C shows that GTP-loaded wild-type Arf6-GST can pull down both FIP3 and FIP4, but that a dominant-negative mutant does not. As only Arf6 appears to interact with FIP3 and FIP4 in vivo, we have focused upon this interaction in the experiments below (see also Discussion).
The Arf6 and Rab11 binding sites are distinct
We have recently identified and characterised a domain present in class I FIPs that mediate interaction with Rab11 (Meyers and Prekeris, 2002; Junutula et al, 2004) . Based on this work, we created a mutation in FIP3 (I737E) that also displays an inability to bind Rab11 (Wilson et al, 2005) . Here, we show that this mutant retains the ability to interact with Arf6, suggesting that the binding sites for these two small GTPases are distinct (Figure 3) . Similarly, a mutation in the Rab11 binding site of FIP4 (D538A) abrogates Rab11 binding but not Arf6 binding (Figure 3 ). When expressed in interphase cells, a GFP fusion of this protein was unable to induce the collapse of recycling endosomes observed with wild-type FIP4, consistent with a loss of its ability to bind Rab11 (data not shown). These data, together with the experiments shown in Figures 1D , E and 2C, strongly suggest that the binding sites for Arf and Rab proteins on FIP3 and FIP4 are distinct.
FIP3 and FIP4 localisation is controlled by GTPase interactions
We next sought to determine whether these different GTPase interactions contribute to compartmentalisation of the proteins in dividing cells. First, we examined the localisation of endogenous Arf6 during mitosis (Figure 4 ). In agreement with previous studies (Schweitzer and D'Souza-Schorey, 2002) , Arf6 was localised to the plasma membrane and intracellular vesicles in interphase cells (Figure 4) . By late telophase/cytokinesis, strong Arf6 staining in the midbody was clearly evident. This pattern of Arf6 localisation is similar to that reported elsewhere (Schweitzer and D'SouzaSchorey, 2002) .
We have previously shown that the accumulation of FIP3-positive vesicles in the furrow of dividing cells required Rab11 (Wilson et al, 2005) . However, we also observed that a population of FIP3 localised to the midbody independently of Rab11 (Wilson et al, 2005) . The strong localisation of Arf6 staining in the plasma membrane of the furrow and midbody, together with the ability of FIP3 and FIP4 to bind Arf6 revealed in Figures 1 and 2 , suggested that Arf6 may be involved in the localisation of FIPs to the furrow or midbody. The data in Figure 5 support this hypothesis. Overexpression of the GTP restricted form of Arf6 (Arf6-Q67L) recruits FIP3 to the midbody ( Figure 5A and B), and increased the amount of FIP4 present in this region ( Figure 5D ). Quantification of this data revealed that in cells expressing wild-type Arf6, FIP3 was present in the furrow of 92% (n ¼ 62) of cells; expression of Arf6-Q67L increased this to 96% (n ¼ 53). Similarly, FIP4 was present in the furrow or midbody of 91% (n ¼ 50) of cells expressing Arf6 wild type and 98.6% of cells expressing Arf6-Q67L (n ¼ 41). More strikingly however, Figure 5A shows that the association of FIP3 with the furrow or midbody is blocked by the expression of GDP-restricted Arf6-T27N mutant; similarly, localisation of FIP4 to the furrow/midbody was blocked by this mutant ( Figure 5D ). Analysis of three separate experiments of this type revealed no furrow or midbody FIP3 staining in 79% of cells expressing Arf6-T27N and no furrow or midbody FIP4 staining in 86% of such cells. We also examined the localisation of endogenous The C-terminus of FIP3 (residues 300-759) or Rip11 (residues 490-652) were expressed in bacteria as hexa-his fusions and incubated with 50 ml of beads loaded with 5 mg GST alone, or GST-Rabs/Arfs as indicated for 1 h. After washing, the beads were boiled in SDS-PAGE sample buffer and levels of associated FIP3 or Rip11 determined by immunoblotting. Data from a representative experiment is shown in (A). In the experiment shown in (B). increasing concentrations of FIP3-containing beads were incubated with 5 mg of Arf5, Arf6 or Rab11, and the binding determined by quantitative immunoblotting. The data shown is from three experiments of this type (mean7s.d.). (C) HeLa cells were transfected with HAtagged Arf1, Arf5 or Arf6 as described. After 48 h, cells were lysed and an anti-HA immunoprecipitation performed. The immunoprecipitates were probed for the presence of endogenous FIP3. The result of a typical experiment is shown. In the experiment shown in (D), 50 ml of beads loaded with 5 mg of GST or GST-Arf6 were incubated with recombinant FIP3 in the presence of increasing amounts of Rab11. The ability of Rab11 to displace FIP3 from the Arf6-loaded beads was determined by immunoblotting. The experiment shown is typical of three experiments of this type. In order to determine whether FIP3 can form a ternary complex with Arf6 and Rab11, we performed the experiment shown in (E). GST-Arf6 was incubated with recombinant FIP3 (residues 300-759) or Rip11 (residues 490-652). The upper panel shows a Coomassie stain, revealing the interaction of FIP3 with Arf6, but not Rip11. These beads were incubated with recombinant Rab11, washed and then boiled in SDS-PAGE buffer and immunoblotted for Rab11 (middle panel) or Rip11 (lower panel). Rab11 in cells expressing these different Arf6 mutants ( Figure 5D ) as we have previously reported that Rab11-positive structures are localised within the furrow and midbodies of dividing cells ( Figure 5C and Wilson et al, 2005) . We consistently observed a reduction in the intensity of Rab11 staining in midbody region of cells overexpressing Arf6-T27N; however, overexpression of wild-type or constitutively active Arf6 had little effect. Finally, we used real-time image analysis to examine the trafficking of YFP-FIP3 in cells coexpressing either CFP-Rab11 or CFP-Arf6 (Figure 6 ; Supplementary movies 1 and 2). These tagged proteins have been shown by other studies to faithfully represent the distribution of the endogenous proteins (Aalto et al, 1993; Ashery et al, 1999; Aikawa and Martin, 2003) . These data further support our hypothesis that Rab11 controls recruitment of FIP3 to endosomes, and further reveal that Arf6 appears at the midbody at a later stage of cytokinesis. Note that in the absence of overexpression of active Arf6, the fraction of total cellular FIP3 in the midbody is low, and cannot be clearly observed in the image series presented. However, the data in Figure 5A and B clearly reveal that FIP3 is present in the furrow and midbody, and is recruited to the midbody by active Arf6. Finally, we note that FIP4 exhibits similar spatial dynamics to FIP3, exhibiting clear recruitment to centrosomes prior to movement into the furrow and midbody (see Supplementary Figure S1 ).
FIP4 and Arf6 exhibit similar patterns of immunofluorescence staining at all stages of the cell cycle (Figure 7 ). This suggests that the ability of both FIP3 and FIP4 to bind Arf6 is mirrored by their localisation to midbodies. Such data suggest the hypothesis that Arf6 is involved in a late stage of vesicle docking at the midbody. Consistent with this interpretation, we and others have found a cytokinesis defect in cells expressing Arf6 mutants (data not shown; Schweitzer and D'Souza-Schorey, 2002 ).
FIP3 and FIP4 interact with the Exocyst
Previous work has shown that Arf6 interacts with the mammalian Exocyst complex (Prigent et al, 2003) . Such data offer an intriguing model whereby Rab11-dependent recruitment of FIPs to recycling endosomes may endow these vesicles with the means to interact, via Arf6, with a tethering factor upon arrival at the furrow or midbody. Consistent with an important role of the Exocyst complex in cytokinesis, immunostaining of dividing cells revealed localisation of Exo70p, a component of the Exocyst, to the cleavage furrow ( Figure 8A ). In order to ascertain whether Exo70p was important for cytokinesis, we utilised siRNA to knock down levels of this protein. Figure 8B shows that siRNA targeted to Exo70p effectively knocked down expression levels of this protein, but were without effect on levels of either Rab11 or FIP3. Knockdown of Exo70p resulted in a significant fraction of cells exhibiting a binuclear phenotype compared to controls (39.474.2 versus 8.172.9%, respectively; Figure 8C and D), consistent with an important role for Exo70p in cytokinesis. To test directly for an interaction of FIP3 or FIP4 with this protein, we performed co-immunoprecipitation experiments. GFP-tagged FIP3 or FIP4 were overexpressed in CHO cells, and antibodies against Exo70p were used to Beads loaded with GST, GST-FIP3 or GST-FIP3-I737E were incubated with either Rab11 or Arf6 as described. After incubation, the beads were washed and boiled in SDS-PAGE buffer and subjected to immunoblot analysis with anti-Arf6 (middle panel) or anti-Rab11 (lower panel). Similar data using GST-FIP4 constructs are shown in the adjacent panel.
immunoprecipitate any potential complexes of these proteins. As shown in Figure 8E , Exo70p consistently pulled down GFP-FIP3 from cell lysates; Rab11 was also present in the pull-downs. Similar data were also observed using GFP-FIP4 lysate. Interestingly, the Exo70p:FIP3 interaction was found to not require Rab11, since this interaction was also observed Figure 4 The distribution of Arf6 during the cell cycle. HeLa cells were plated onto glass coverslips and 12 h later fixed and stained with antiArf6 antibodies. Shown are representative images at different stages of the cell cycle. Arf6 staining is pseudo-coloured green, DNA is pseudocoloured blue. Figure  2) . Based on these observations, we hypothesised that depletion of Exo70p should result in reduced levels of FIP3 and Rab11 immunoreactivity in the furrow/midbody region of dividing cells. Figure 9 clearly shows that this is the case for FIP3: depletion of Exo70p results in most of the cellular FIP3 observed in structures away from the cleavage furrow (although some FIP3 in the cleavage furrow was still observed), compared to control cells that exhibit strong FIP3 staining in the furrow region. Similarly, Rab11 staining in the furrow is not evident upon depletion of Exo70p (Figure 9 , compare control cell at left). The decreased staining of FIP3 and Rab11 in the furrow was not due to the failure to form the midbody consistent with our previous data suggesting that FIP3 and ARF6 regulate the late cytokinesis step, possibly abscission.
Discussion
We have previously reported that Rab11 is an essential component of cytokinesis in mammalian cells. The role of Rab11 likely involves the delivery of membrane, presumably derived from recycling endosomes, to the furrow, where it is required either for the expansion of the plasma membrane associated with furrow ingress or during the abscission and daughter cell separation (Wilson et al, 2005) . Furthermore, we have shown that two Rab11 effectors, FIP3 and FIP4, appear to play a key role in the membrane trafficking events associated with cytokinesis. Depletion of FIP3 using siRNA or perturbation of the Rab11-FIP3 complex both result in defective cytokinesis, consistent with these proteins functioning as a complex to regulate membrane traffic to the furrow and midbody of cells in cytokinesis (Wilson et al, 2005) . were plated on collagen-coated coverslips and imaged using time-lapse microscopy (see Supplementary movies 1 and 2). Images were collected every 1.4 min for 2.5 h. Note that Rab11 always colocalizes with FIP3, while Arf6 appears to be recruited directly to the midbody (asterisk). FIP3 at the midbody is a small fraction of the total cellular FIP3, and is not clearly evident in these nonconfocal images. We expressed the C-terminal domains of FIP3 and FIP4 proteins in bacteria to study the relative affinity of interaction with different GTPases. The data in Figures 1 and 2 clearly show that FIP3 and FIP4 exhibit subtly different preferences for association with GTPases. FIP3 was found to interact strongest with Rab11 and with Arf6. Although interaction with Arf5 was clearly evident in these studies, this was the weakest of the interactions studied and could not be detected in vivo. FIP4 by contrast interacted strongly with Arf6, and the interaction with Rab11 and Arf5 were similar. These in vitro binding data are subtly distinct from studies using yeast two-hybrid systems both in our laboratory and others (Shin et al, 1999 (Shin et al, , 2001 , or from previous studies using GTPase pull-down's of FIP3 or FIP4 expressed in CHO cells Wilson et al, 2005) . These previous studies suggested that FIP3 bound Arf6 only weakly, and FIP4 did not interact with Arf6 at all. However, the data presented here clearly reveal this not the case. Potential explanations for these differences are that FIP3 or FIP4 expressed in CHO cells may be already tightly bound to Rab11 or the respective Arf proteins, or that a post-translational modification of the FIPs may contribute to subtle variations in binding specificity. A further possibility is that domains within the amino-terminus of FIP3 or FIP4 may contribute to the binding specificity. However, in our hands expression of the full-length proteins in bacteria has proven difficult and has to date precluded further investigation of this point. Finally, previous studies used yeast two-hybrid or mammalian cell overexpression assays to test FIP3 and FIP4 interaction with Arfs. The levels of protein expression in these assays are difficult to control, thus the differences in interactions could be due to the differences in protein levels and/or stability. In this work, for the first time, we used recombinant proteins to perform a quantitative analysis of FIP3 and Arf interactions. In summary, all our data clearly show that FIP3 and FIP4 both bind Rab11 preferentially among Rab family members tested, consistent with previous studies of other FIPs . Although both FIP3 and FIP4 exhibit a degree of interaction with Arf5, the interaction with Arf6 is stronger for both proteins, and Arf6 is the only Arf that appears to associate with these FIPs in vivo ( Figures 1C and 2D ) and in nucleotide-dependent manner ( Figure 2C) .
Interestingly, we have found that both FIP3 and FIP4 are capable of binding both Arf6 and Rab11 simultaneously (Figures 1 and 2) . Thus, Figure 1D shows that increasing concentrations of Rab11 are not able to displace GST-Arf6 from previously assembled FIP3 complexes, and Figure 1E shows that FIP3 in complex with Rab11 can associate with GST-Arf6. Similar results were obtained using FIP4 ( Figure 2B ). These data argue that FIP3 and FIP4 can form ternary complexes with Arf6 and Rab11 and implies that the binding sites of these two GTPases are spatially distinct within the 3D structures of FIP3 and FIP4. The Rab11 binding site of FIP3 and FIP4 has been localised to a short C-terminal stretch of amino acids (Prekeris et al, 2001; Meyers and Prekeris, 2002; Junutula et al, 2004) . We therefore mutated residues within this sequence in both FIP3 (I737E) and FIP4 (D538A) and studied their interaction with Rab11 and Arf6. As shown in Figure 3 , both these mutant FIP's lost the ability to bind Rab11 in vitro, but were clearly both capable of binding Arf6. Such data, together with the in vitro studies ( Figures 1D, E and 2B ), strongly suggest that the binding sites of for these different GTPases are distinct, or at least involve critically distinct residues. We believe that this underpins a crucial facet of class II FIP function (see below).
We next sought to determine whether these differential interactions may account for the subcellular localisation of FIP3 and FIP4 during the cell cycle. We have previously shown that FIP3 associated with recycling endosomes in the region of the furrow, and that this association required Rab11. By contrast, both FIP3 and FIP4 localised to the midbody of dividing cells independently of Rab11 (Wilson et al, 2005) . We therefore sought to test the hypothesis that interaction of FIP3 and/or FIP4 with Arf6 may regulate localisation to the midbody. Several lines of investigation support this suggestion. Firstly, expression of a GTPrestricted mutant of Arf6 (Q67L) recruited FIP3 to the furrow and midbody ( Figure 5A and B) . More strikingly, expression of the GDP-restricted mutant Arf6-T27N blocked the delivery of FIP3 to the plasma membrane of the midbody ( Figure 5A) . Similarly, localisation of Rab11 and FIP4 to the midbody was also blocked by overexpression of Arf6-T27N ( Figure 5C and D). Real-time imaging also supports the contention that Rab11 is involved in recruitment of FIP3 to endosomes and Arf6 is involved in the localisation of these FIP3-positive vesicles in the midbody (Figure 6 ). Inspection of the movies (Supplementary movie 1 and 2) highlights the Rab11 and FIP3 association on endosomes prior to traffic to the furrow/ midbody, but Arf6 appears at the midbody independently of traffic via Rab11-containing endosomes; the data from Figure 5D further indicate that the distribution of Rab11 is not modulated by expression of GTP-or GDP-restricted mutants of Arf6. These data support the hypothesis that Arf6 regulates FIP3 and FIP4 localisation to the midbody. Such observations are interesting since the regulated delivery of membrane vesicles to the furrow/midbody during cytokinesis is most likely accompanied by alterations in actin dynamics (Field et al, 1999; Glotzer, 2001; Pelham and Chang, 2002; Robinson and Spudich, 2004) , and Arf6 has previously been reported to control actin dynamics in mammalian cells (Zhang et al, 1999; Schafer et al, 2000; Donaldson, 2003) . In support of such a contention, it is interesting to note that there is a well-established dynamic interplay between the mitotic spindle and the acto-myosin cortex; FIP3 and FIP4 may provide a focus for this interaction, regulating membrane delivery and actin dynamics through the same molecule.
However, we believe that a further potential explanation for the Arf6 interaction may be to facilitate docking of vesicles at the furrow and midbody prior to fusion. This hypothesis is based upon the fact that Exo70p, a component of the mammalian Exocyst complex, was recently reported to interact with Arf6. The Exocyst is involved in budding events in yeast (TerBush et al, 1996; Wang et al, 2002) , is thought to control membrane vesicle docking during exocytosis (Hsu et al, 1999; Yeaman et al, 2001; Boyd et al, 2004) and may also play a key role in cytokinesis, since components of the Exocyst have been identified in midbodies (Gromley et al, 2004) . Moreover, Arf6 localises to the furrow and midbody and is required for abscission. Hence, we propose the following model for membrane trafficking during cytokinesis ( Figure 10 ): Rab11 recruits FIP3 or FIP4 to recycling endosome-derived vesicles for traffic along microtubules into the cleavage furrow or midbody. Perturbation of the function of either Rab11 or FIP3 results in defective abscission (Wilson et al, 2005) . We propose that an interaction of FIP3 or FIP4 with active Arf6 at the cleavage furrow or in the midbody serves to tether these vesicles in this region, via interaction with Exo70p, prior to membrane fusion. In support of this model, we show that (i) Arf6 binds both FIP3 and FIP4 in a GTP-dependent manner ( Figure 2C ), (ii) that Arf6 is localised to the furrow and midbody (Figure 4 ) and (iii) that Arf6-GTP recruits FIP3/4 to the midbody of dividing cells ( Figure 5 ). Furthermore, we have shown that Exo70p is localised to the furrow of dividing cells and that depletion of Exo70p resulted in a profound cytokinesis defect (Figure 8 ). These data clearly implicate Exo70p as an important component of the cytokinesis machinery. Strikingly, we show that antibodies specific for Exo70p co-immunoprecipitate GFP-FIP3 and GFP-FIP4 from CHO cells ( Figure 8E ) and that Rab11 is not required for this interaction (Supplementary Figure 2) . Consistent with the model described above, Rab11 was also observed in these immunoprecipitates. The model we propose suggests that the interaction of FIP3 or FIP4 with active Arf6 at the cleavage furrow/midbody serves to regulate a docking event involving Exo70p. Hence, depletion of Exo70p should result in a loss of localisation of FIP3 or FIP4 and Rab11 from the cleavage furrow and midbody. The data shown in Figure 9 clearly support this hypothesis. Our in vitro binding data support the notion that Rab11 and Arf6 bind distinct sites on FIP3 and FIP4. Whether these three proteins make a ternary complex in vivo remains to be determined; we have been unable to demonstrate the existence of this complex by immunoprecipitation. However, it is likely that the amount of FIP3/Rab11 interacting with Arf6 at any given stage will represent a small fraction of the total FIP3/Rab11. However, the fact that Arf6 (Prigent et al, 2003) and Rab11/FIP3 or FIP4 (this study) can interact with the Exocyst supports our hypothesis.
In summary, during cytokinesis vesicles derived from recycling endosomes and identified by the presence of Rab11/FIP3 and Rab11/FIP4 protein complexes traffic to the furrow and midbody along microtubules. The recruitment of these complexes to the midbody is controlled by active Arf6 and the ability of FIP3/4 to bind Arf6-GTP, perhaps in a ternary complex with Rab11. In the midbody, the interaction of FIP3/4 Arf6 may facilitate tethering via Exo70p, perhaps prior to homotypic compound membrane fusion, and thus implicate FIP3 and FIP4 in the abscission event.
Materials and methods
Materials
Antibodies against FIP3 and FIP4 were as described Wilson et al, 2005) . Anti-Arf6 was from Julie Donaldson (NIH, Bethesda, MD). Anti-Rab11 was from Zymed (San Francisco). Secondary antibodies were from Jackson Labs Inc. Sec8 antibodies were from Calbiochem (Darmstadt, Germany). Antibodies against mouse Exo70 were raised in sheep. The coding region was amplified from IMAGE clone ID 2136726, sub-loned into pET28b and expressed in bacteria as a hexa-his fusion. The resultant fusion protein was purified by sequential affinity chromatography on Ni-NTA agarose and gel permeation chromatography on Superdex 200. Antibodies were purified from the antiserum by chromatography on a column of the fusion protein, immobilized on CNBr-activated sepharose CL-4B. All other reagents were as described in Hickson et al (2003) and Wilson et al (2005) .
Constructs
All FIP3 or FIP4 constructs were as described in Hickson et al (2003) and Wilson et al (2005) . The virus encoding myc-tagged Rab11-S25N and the Arf5 and Arf6 constructs were as described in Hickson et al (2003) . cDNAs encoding FIP3 were cloned in pEGFP-N1 or pEYFP-N1. cDNA encoding CFP-Rab11a was a generous gift from Dr Alexander Sorkin (UCHSC). Arf6-T44N was constructed by sitedirected mutagenesis using a QuickChange kit according to the manufacturer's instructions and fully sequenced on both strands to confirm the mutation.
Cell culture and adenoviral infection
HeLa cells and KE37 leukaemic human cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 10% heatinactivated fetal calf serum, 100 IU/ml penicillin and 100 mg/ml streptomycin, at 371C in a 5% CO 2 atmosphere. For transient expression experiments, HeLa cells were transfected using SuperFect (Invitrogen, UK) according to the manufacturer's instructions. Adenoviruses were amplified by ViraQuest Inc. (North Liberty, IA) and infections were performed as outlined in Hickson et al (2003) .
RNAi
Exo70 was depleted with siRNA designed based on human sequence 5 0 -ggagaatgttgagaagac-3 0 . The siRNA sequences for Rab11a and Rab11b were published previously Wilson et al, 2005) . Exo70 or Rab11a and Rab11b siRNAs were transfected into HeLa cells using Lipofectamine2000 (Gibco BRL). Transfected cells were incubated for 74 h and analyzed for Exo70 or Rab11a/b expression by immunoblotting. Remaining cells were used for fluorescence microscopy studies.
Recombinant protein expression and binding analysis
The carboxy-terminal domains of FIP3 (residues 300-759), FIP4 (residues 227-557) or Rip11 (residues 490-652) were expressed in Escherichia coli strain BL21(DE3) either as GST or as hexahistidine fusion proteins and purified as described previously (Prekeris et al, 2001; Hickson et al, 2003; Peden et al, 2004) . GST-Arf5, GST-Arf6 and GST-Rab11 were expressed, purified and, when appropriate, thrombin cleaved to remove the GST. Briefly, 75 ml terrific broth was inoculated and grown for 16 h at 371C with shaking. This culture was added to 1 l terrific broth plus antibiotic. When the OD 600 reached 0.6, IPTG was added to 1 mM and cultures were incubated for a further 2 h at 371C. Bacteria were harvested by centrifugation at 4000 r.p.m. for 15 min at 41C, the supernatant removed and pellets resuspended in 20 ml/l of breaking buffer (PBS plus 0.1% Tween, 1 mM EDTA, 1 mM 2-mercaptoethanol, 4 mM PMSF and 1 mM pepstatin). Samples were then French pressed twice at 950 psi and subsequently spun at 17 000 r.p.m., for 25 min at 41C. The supernatant was added to 0.5 ml/l original culture of glutathione beads (Amersham Biosciences, Cardiff, UK) and rotated at 41C for 1 h. The beads were washed four times with PBS containing 0.1% Tween, and then resuspended in an equal volume of PBS and stored at 41C. If soluble protein was required, thrombin (Amersham Biosciences, Cardiff, UK) was added, the beads incubated overnight at 41C, reapplied to a glutathione bead column and the flow-through collected and stored at À801C.
For in vitro binding, 5 mg of GST-Arf/Rab or GST control beads were made up to 50 ml with carrier beads. A measure of 100 ml of reaction buffer (PBS containing 200 mM NaCl, 1 mM MgCl 2 , 0.2% Triton X-100) was added to each tube. BSA was added to a final concentration of 0.2 mg/ml, PMSF to 4 mM and GMP-PMP (Roche Molecular Biochemicals) to 0.2 mM. In all, 20 mg (unless otherwise stated) of FIP3 or FIP4 was then added to each tube and the total volume brought to 500 ml with reaction buffer. Tubes were then incubated at 41C for 1 h with rotation, washed four times with reaction buffer and then eluted with 50 ml of 1 Â SDS-PAGE sample buffer.
Co-immunoprecipitation of Exo70p and FIPs
CHO cells transfected with GFP alone, GFP-FIP3 or GFP-FIP were lysed 48 h after transfection as described . A measure of 5 ml washed Protein G agarose was added to 600 mg of CHO lysate and rotated at 41C for 2 h. The samples were spun and the beads removed. Anti-Exo70 (5 mg) antibody or random rabbit IgG was added to 300 mg of precleared CHO lysate and rotated at 41C overnight. A measure of 15 ml washed Protein A agarose was added to each sample and then rotated at 41C for a further 4 h, after which time the beads were washed three times in buffer (50 mM HEPES, 100 mM KCl, 5 mM NaCl, 1 mM MgCl 2 , 0.5 mM EGTA, 1 mM EDTA, 0.1% Triton X-100, 1 mM DTT). Beads were collected by centrifugation, and then boiled in 50 ml SDS-PAGE loading buffer for 5 min.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
